compared with yet other measurements 18 ,19,20 and with theoretical estimates 2l , 22 . Furthermore 'E appeared not to depend on either Tc or film resistivity in a reasonable way. CC suggested that the dependence of 'E on Tc could be better explained if a small fraction of the elastic scattering were from magnetic impurities, assuming that the analytic In Section V we describe the numerical calculation and compare the results with the SS theory and with our data. Section VI is our concluding summary.
II. THEORETICAL BACKGROUND
In this section, we review the relevant details of charge-imbalance generation and detection with tunnel junctions, and of charge-imbalance * relaxation. The quantity Q is defined by the quasiparticle distribution function f ko ' referring to the state k "'lith spin 0, through the relation 
where gNS(O,T) is the zero-voltage conductance GNS(O,T) of the detector junction normalized to its value at the transition temperature, T c ' Combining Eqs. (2.6) and (2.7) we find (2.8) We now turn to a discussion of scattering processes that contribute to charge-imbalance relaxation, beginning with those that conserve quasiparticle spin. Phonon scattering involves two types of processes, scattering of a quasiparticle from one energy level to another, and recombination of two quasiparticles. These processes are governed by the coherence factors (uu' -vv' ) 2 and (vu l +uv' ) 2, respect i ve 1 y, where the primed and unprimed quantities refer to the two states involved in the scattering, u:=(l12)(l + Sk/Ek), and V:=(1/2)(1 -sk/Ek)' The coherence k k * * factors allow Q-relaxation processes, with a change in IQ lof I qkl-q;1 and I-qtl-qt l for scattering and recombination, respectively. Charge relaxation may also occur through elastic scattering from one branch to the other, a process that is governed 8.
by the coherence factor (uu'-vv' )2. It is easy to show that this factor vanishes if the energy gap is isotropic, but that it is non-zero, (although still «1), if the gap is anisotropic. In the present experiment, the gap anisotropy is so small that this relaxation mechanism is negligible.
* The effect of a pair-breaking interaction on Q relaxation is dramatic. A pair-breaking interaction destroys the degeneracy between time-re~ersroelectron states, and thereby gives the Cooper pairs a finite lifetime, the inverse of which is called the pair-breaking rate.
In the present work, the pair-breaking mechanism is the exchange interaction between the conduction electrons and magnetic impurities. Abrikosov and Gor ' kov 25 showed that the pair breaking rate is the elastic spinflip scattering rate, 'S-l, for electrons in the normal metal. Thus, the pair-breaking rate is proportional to the concentration of magnetic impurities. They also demonstrated that a small amount of pair-breaking has several important effects. It smears out the peak in the BCs 26 density of states over an energy range h's-l so that the energy gap and the order parameter are no longer equal. It also depresses the transition temperature by hn/4kB,S' and alters the temperature dependence of the order parameter from the usual BCS form. In the presence of magnetic impurities, charge relaxation can occur because the coherence factor for elastic spin-flip scattering from one branch to the other in an isotropic, uniform superconductor is not zero, but of the form 2 2 2 2 2 (uu'+vv') = 4 u v = A IE . Since this factor approaches unity as E~A, we expect the spin-flip
scattering to have an appreciable effect on 'Q* when 's ~'E It 9.
is important to realize that, because 'E-l is small in Al, a quite small concentration of magnetic impurities (h's-l «kBTC), can produce a spin-flip scattering rate 's-l that is very much larger than 'E-1
Hence we are able to add a magnetic impurity, Er, to the Al in amounts which increase l/F*'Q* by as much as a factor of 10, but change the equilibrium properties of the Al by only a few percent.
SS considered the effect of pair-breaking on 'Q*-l and obtained
an analytic result for l/F 'Q* valid when 6/kBT« 'Er , where
In Eq. (2.10), a factor (1 + h 2 r/6 2 'E)1/2 has been omitted since it is very close to unity for all values of TE' TS' and 6 used in this experiment. This factor accounts for the effect of the density of states smearing on 'Q*-l Note that this smearing is certainly large when hTS~\6, but that in the SS picture in the limit 'S-1»'E-1 it apparently has little effect on 'Q*-l until h2r/62'E~ 1, or, equivalently,
. This is a much weaker condition than h/TS~6.
It will be helpful to our later analysis to interpret Eq. (2.10)
physically. First, consider the limit,s «'E in which the spinflip scattering is a weak perturbation on the inelastic scattering, and to a first approximation does not affect the quasiparticle distribution created by the inelastic processes. Equation (2.10) can be expanded to give
TS «TE ,TQ* «'E (2.11) The phonon-mediated term, 1T6/4k B T c 'E' can be understood by a consideration of the coherence factors that govern charge relaxation by both inelastic 10.
scattering and recombination events. One finds that these factors are significantly different from zero only when one of the states is in the range t. < E < 2t.. If we further assume the quasiparticles to be uniformly ' V ' V distributed in the energy range t. to kBTc' where kBTc»t., then only a fraction 'Vt./kBTc of the inelastic events contribute to charge relaxation, producing a charge-relaxation rate 'Vt./kBTc'E. The spin-flip term, Trt./4k B \,S' arises because the 'coherence factor is substantial only in the energy range from t. to roughly 2t., so that only a fraction t./kBTc of the excess quasiparticles can relax. We note here that Pethick and 
, F , * Q In this limit, the spin-flip scattering modifies the quasiparticle distribution substantially because the lower energy excess quasiparticles undergo spin-flip scattering to the other branch more rapidly than higher energy quasi particles can cool to replace them. As a result, the energy below which spin-flip charge relaxation * is important is increased from 'V2t. to an energy E. \~e estimate thi s energy by equating the cooling rate, 'V'E-1 , with the spin-flip branch 2 *2 * 
,in essential agreement with Eq. (2.13). We emphasize that 'E-l enters the result not because it contributes to the charge relaxation ~~, but because it determines the rate at which quasiparticles scatter downwards into the region from which they spin-flip scatter to the other branch.
III. EXPERIMENTAL PROCEDURES
The sample geometry, illustrated in Fig. 1 , is very similar to that used by CC. The Al-A10x-A1Er junction was the injector, and the A1Er-A10x-Cu junction was the detector. The metal films were 3 mm wide.
To eliminate possible edge effects, SiO about 130 nm thick was used to define the injector and detector junction areas to be 1.5xl. were cut from a ribbon of A1Er made by rolling a piece of 99.999 at. % pure Al wire into a 0.5 mm thick foil, and evaporating Er onto one side.
We estimated the Er concentrations to about ±10% from the relative thicknesses of the Al and Er, assuming bulk values for the densities. The pellets were dropped from a conveyor belt inside the evaporator into a hot tungsten boat. Each pellet evaporated in a few seconds to produce 3 to 5 nm of A1Er film. This procedure produced relatively dirty films with electron mean free paths between 13 and 56 nm, and transition temperatures higher than for bulk Al (see Table I ) because the increase in Tc due to dissolved oxygen was greater than the decrease due to magnetic impurities. We estimate that the depression in Tc due to the magnetic inpurities in the film with the highest concentrations (0.166 at.,%) was about O.lK.
We attached wires to each sample to enable us to make four- with a heater to regulate the bath to about ±100 ~K. We estimated the order parameter in the A1Er film from a plot of dVi/dl i vs. Vi using the voltages at which the minima corresponding to the sum and difference of the Al and A1Er order parameters occurred. We were able to measure the order parameter at temperatures up to a few mK of Tc with an uncertainty of about l~V. The zero-voltage conductance YI of the detector junction, gNS' was measured at voltages less than lO~V from the Vd-I d characteristic obtained with the SQUID voltmeter.
IV. EXPERIMENTAL RESULTS
The order parameter of the A1Er films followed the BCS temperature dependence to within a few mK of T. However, the magnitude was smaller c than expected from the measured T c ' but never by more than 13%. As a further test of the applicability of the SS theory, in Fig. 6 we plot the measured values of the slope S of the linear region for all samples vs. the SS expression (rr/4'E)(1 + 2'E/'s)1/2, using the value of 'E listed in Table I , and the value of 's estimated from the impurity concentration, also listed in Table I 
v. CALCULATION OF THE CHARGE-IMBALANCE RELAXATION RATE IN THE PRESENCE OF MAGNETIC IMPURITIES
A. The Boltzmann equation
We seek a Boltzmann equation that describes a steady-state, spatially uniform charge-imbalance generated by quasiparticle injection across a tunnel junction. We follow the general approach of CC, with the addition of a term to take into account spin-flip charge relaxation.
We assume that the quasiparticle distribution function is independent of spin because the quasiparticle injection rate is independent of spin, 16.
-,)-
and that it is independent of the direction of k because of the enormous elastic scattering rate. We can then label the distribution function for each state "t; by the appropriate value of s = ±( Note that the rate of spin-flip·s·cattering that does not involve branch crossing is zero because the distribution function is independent of spin.
In the rest of this paper, references to spin-flip scattering refer to branch-crossing events.
The above collision integrals have been derived in the clean limit, where I is a good quantum number. Following Pethick and Smith 9 ,
we assume that the same expressions are valid in the dirty limit, provided that they are written in terms of E, which is still a good quantum number.
These expressions are strictly applicable only for temperatures such that to Ro'E for fixed 'E/,S' eV i IkBTt, and 6./kBTc' Consequently, '0* is independent of R o ' and its dependence on 'E and 's is naturally characterized by the parameters 'E and 'E/,S' (See insert in Fig. 8 ). In the experimentally inaccessible limit We emphasize that, although some data were taken on Sample 10 for for the other samples for which all of the data were taken where U'S «6.
Therefore, the neglect of gap smearing in our calculation appears to be experimentally justified. Furthermore, if we assume that the SS requirement for gap smearing to have no effect on 'Q*-l is correct, namely This can be seen readily by comparing the calculated quantity in Fig. 8 with the equivalent experimental quantity in Fig. 7 .
It is interesting to examine the effects of spi n-fl i p scatteri ng shows of T E on the distribution function. to the data. It is immediately clear that, rather than providing a better fit to the data than the extrapolated SS result, the computed curves give a much worse fit. We have tried various other fitting procedures, for example, choosing 's to force the computed curves to intersect the data at 6/ksTc=0.5, but have not been able to produce anacceptable fit. We note that the values of TS used in the computed curves (last column of Table I) This marked discrepancy between the data and the computed curves is extremely puzzling. It should be pointed out that the discrepancy cannot be explained by invokthgr an additional charge-relaxation mechanism in the experiments, for example, Andreevreflection 36 at a non-uniform gap or at the surface of the film, because the experimental rate l/F*'Q* lies substantially below, rather than above the computed rate. Another possible difficulty in the theory concerns the assumption that the Er atoms do not interact with each other. However, if such interactions were important we would expect to see some saturation of the increase of l/F*'Q* with n Er at the highest Er concentration, but no such saturation is evident from the data (see Fig.~X ). Furthermore, it is known that in superconductors containing magnetic impurities, impurityimpurity interactions are small until the impurity concentration is large enough to reduce the transition temperature to typically one-half that . 37
of the pure superconductor . We estimate that Tc was reduced by only 6% for the sample with the highest Er concentration, again implying that these interactions are negligible. Further,we expect no Kondo anomalies because g-shift measurements 38 have shown that the exchange constant is positive for Er impurities in Al. Thus, we expect that the spin-flip scattering rate 'S-l should not be a strong function of energy or temperature.
We conclude that either the collision operator for spin-flip scattering, The spin-flip scattering rate, 's-l, is defined as the temperatureand energy-independent coefficient of (f -f ), so that we obtain finally .
, " 
